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Bioavailability in heterogeneous media such as soils is a multi-factorial concept which ranges from soil
chemistry to toxicity. The complexity of this factor has been tackled by various studies pinpointing its
relevancy for laboratory to ﬁeld extrapolation of toxicity data. As contaminant bioavailability on these sites is
virtually unknown, a global assessment of this issue has been conducted on soils impacted by antitank ﬁring
from a Canadian Range and Training Area (RTA) and contaminated by energetic materials (EM) and metals.
Yet, the descriptive results acquired from this survey require further in-depth analysis so as to enhance
understanding of soil health status. Statistical models as well as an index integrating biomarker responses
were derived from this database and are proposed as diagnostic, explanatory and possibly predictive tools for
soil bioavailability and quality assessment. Relationships associating bioaccessible contaminant levels to soil
properties allowed to clarify contaminant behaviour in energetic material (EM)-contaminated soils. Likewise,
models expressing biomarker responses as a function of bioaccessible contaminant concentrations
contributed to identify the contaminants causing toxicity in earthworms and to the comprehension of
those toxic effects. The index of biomarker response was adapted from similar concepts applied in the aquatic
environment and is an original contribution to terrestrial sites. The biomarker index data were in agreement
with soil contamination proﬁles and represent therefore an interesting tool for soil quality appraisal. Such
tools also offer a promising potential for the management of contaminated soils.
Crown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction
Bioavailability is a composite factor integrating both chemical,
physiological and toxicological aspects (Lanno et al., 2004). This is
particularly true in heterogeneous media like soils. Since bioavail-
ability is a multi-faceted variable involving both chemical and
biological aspects, the terminology in this area varies according to
the authors (Semple et al., 2004). As described earlier, our contention
is that bioaccessibility corresponds to the environmental availability
of a contaminant and is a variable of chemical nature whereas
bioavailability represents the toxicological bioavailability of a con-
taminant and is of biological nature in our perception (Berthelot et al.,
in press). Studies on contaminated soils show that issues concerning
toxicity, bioavailability and ecosystem integrity are varied and
complex. For instance, the work of Spurgeon and Hopkin (1995)
dealt with the toxic effects on earthworm lethality, growth and
reproduction of metals either separately or in mixtures, in amended
artiﬁcial soil and a polluted soil around a smelting facility. They found
that toxic effects of metals were less severe in ﬁeld soils. It was
concluded that bioavailability should explain this outcome. This case
illustrates the importance of bioavailability under ﬁeld conditions and
the risks and limitations to extrapolate from laboratory data. Likewise,
Robidoux et al. (2004a,b) assessed the toxicity to earthworms of EM-
contaminated soils from a military facility by measuring standard
toxic effects and a stress biomarker (damage to the lysosomal
membrane). They observed that the effects were not quantitatively
correlated to the EM detected in soils (1,3,5,7-tetranitro-1,3,5,7-
tetrazocine or HMX), nor were they consistent with previous
laboratory investigations on soils amended with the pure compound
(Robidoux et al., 2001, 2002). HMX bioavailability was here also
invoked as a possible cause of the lack of correlation between the
recorded toxicity and HMX concentrations. However, as pointed out
by Robidoux et al. (2004a), metals are likely to have contributed to the
toxicity of the EM-contaminated soils as well but their bioavailability
in this type of soil is unknown. One causal factor of bioavailability is
the historical nature of contamination in ﬁeld soils; i.e., bioavailability
will decrease with time (Alexander, 2000). Consequently, neglecting
bioavailability can lead to an overestimation of risks which in turn
may engender a waste of energy and expenses for undeserved actions
(Ehlers and Luthy, 2003; Bradham et al., 2006).
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The bioavailability assessment reported earlier (Berthelot et al., in
press) with soils from an antitank ﬁring range indicated that HMX and
several metals were bioaccessible and exerted toxic effects on
earthworms. This survey indicated that those military soils may
constitute an environmental risk and contributed to identify poten-
tially problematic substances. However, there is a need for deeper and
integrating analysis techniques in order to obtain an enhanced
comprehension of the causes and consequences of bioavailability in
EM-contaminated soils. Modelling can be a good tool to deal with this
multi-factorial situation and for the integration of composite datasets
encompassing an array of diverse variables. This procedure allows to
establish links between the variables at play like those representing
bioavailability and constitutes a step towards the elaboration of
mechanistic models and tools for bioavailability studies as advocated
by the National Research Council (2003). In the ﬁrst place, relation-
ships may be established between soluble contaminant concentra-
tions and soil characteristics to elucidate toxicant partitioning among
soil phases. This phenomenon is fundamental to the bioavailability
issue. Developing such models has been a common practice for some
time. For example, Janssen et al. (1997) derived equations predicting
the partitioning coefﬁcient of metals in 20 soils from major soil
properties. Sauvé et al. (2000) performed the same exercise but on a
wider database encompassing numerous studies. More recently,
Tipping et al. (2003) reﬁned the approach by incorporating the
modeled free metallic ion activity in their analysis. All these models
have an explanatory and a predictive value which are important for
the understanding of contaminant availability in soils and the
prediction of potential risks. In addition to these usual models, other
relationships can be elaborated, e.g. between a biological endpoint
and chemical parameters. This kind of models is more interesting from
an ecotoxicological point of view. However, to date this approach is
seldom adopted. Recently, Bradham et al. (2006) investigated the
toxicity of 2000 mg/kg Pb added to different types of soil on the
lethality, growth and reproduction of Eisenia andrei. They developed
models expressing standard biological endpoints as a function of soil
properties, thereby integrating implicitly bioavailability.
Weak neutral salt extraction as considered in our assessment and
applied in the related studyof Berthelot et al. (inpress) is a relevant and
common technique to determine the bioaccessible (or exchangeable)
pool of metals in soils (Gupta and Aten,1993; Gupta et al., 1996; Houba
et al., 1996; Conder and Lanno, 2000; Menzies et al., 2007). In addition
to that, it has been demonstrated that the soil solution/dermal route is
predominant for contaminant uptake in earthworms, particularly for
metals (Saxe et al., 2001; Vijver et al., 2003; Scott-Fordsmand et al.,
2004) but also for organic chemicals with low lipophilicity (i.e., log
Kowb5; Belfroid et al., 1995a,b, 1996; Jager et al., 2003). HMX, which
has a low log Kow of 0.06–0.26 falls under this latter category (Talmage
et al.,1999;Monteil-Rivera et al., 2003). For example, the toxicity of Cd,
Pb and Zn to earthworms was found to be better related to metal
concentrations in 0.1 M Ca(NO3)2 soil extracts than to total metals
levels in metal-spiked artiﬁcial soil (Conder and Lanno, 2000) as well
as a non-remediated and remediated smelter soil (Conder et al., 2001).
Moreover, soil water extracts have also been used to assess mobile and
available HMX fraction to worms (Kuperman et al., 2003; Simini et al.,
2003; Robidoux et al., 2004a).
Biomarkers are another class of biological indicators which may
be representative of contaminant bioavailability (Lanno et al., 2004).
While this seems an attractive perspective, biomarkers are currently
not much used for this purpose. The problem is that the use of a suite
of markers (i.e., a multi-marker approach) is now recommended to
obtain a more representative picture of the health of an organism or
even a population and to prevent misinterpretations (Cajaraville
et al., 2000; Dailianis et al., 2003; Handy et al., 2003). But, measuring
several biomarkers generates a set of data that may be difﬁcult to
synthesize into an overall portrait of the situation. For that purpose,
different more or less complex procedures were developed to
compute global biomarker indexes which integrate the individual
biomarkers and indicate the level of alteration of a site (Narbonne
et al., 1999; Chèvre et al., 2003; Dagnino et al., 2007). Usually, index
derivation requests large databases and calls for complicated
statistical operations, aside from the method of Narbonne et al.
(1999). The application of the multi-marker strategy has also been
advocated for terrestrial ecosystems (Kammenga et al., 2000; Scott-
Fordsmand andWeeks, 2000) but, like any modelling with biological
parameters in soil organisms, it also is at an early stage. Further
development along these lines is consequently needed to achieve a
global understanding of bioavailability in soils and for soil quality
assessment.
This paper presents a new analytical approach of the recently
reported results (Berthelot et al., in press) in soils contaminated with
EM and metals from a military Range and Training Area (RTA) and
provides a biomarker-based index of soil quality. Contaminant
bioaccessibility in EM-contaminated soils is analyzed with statistical
models based on soil properties and the obtained relationships are
compared to literature data. Potential links between toxicant
bioaccessibility or tissue concentrations and biomarker responses
are also investigated through analogous models. Finally, a biomarker-
based index of soil quality derived using an established technique is
proposed.
2. Materials and methods
2.1. Datasets
Models were developed to improve the understanding and the
interpretation of strategic data for the soil quality assessment of
military RTAs. These models were built upon data acquired for
ecotoxicological assessment of soils from the Canadian Forces Base
of Gagetown (NB, Canada) and described previously (Berthelot et al.,
in press). These data are summarized in Tables 1 and 2. Table 2
indicates the value ranges of the variables upon which models are
built, thereby deﬁning their validity limits. Soils were sampled along
an oblique transect away from two different tanks from the same RTA:
T2 (substations: T2-15; T2-28 and T2-48) and T3 (substations: T3-9;
T3-19; T3-37; T3-54 and T3-86). The reference station (R) was selected
outside the ﬁring area at 55 m from the ﬁring point. Selected variables
for model derivationwere: (1) soil physico-chemical properties (sand,
silt and clay content, pH, Total Organic Carbon— TOC, amorphous iron
and aluminium oxide contents — Feox and Alox), (2) total soil con-
taminant concentrations at the beginning of the exposure to the
contaminated soils — t=0 (metals: Bi, Cd, Cr, Cu, Ni, Pb and Zn
determined upon concentrated HNO3 digestion as well as HMX
determined by an acetonitrile soil extraction), (3) bioaccessible metal
and soluble HMX levels measured in aqueous weak electrolyte soil
extracts at t=0, (4) metal concentrations in earthworm tissue after
28 days of exposure (HMX not being detected) and, (5) selected
biomarkers (NRRT: Neutral Red Retention Time, CAT: Catalase, SOD:
Superoxide dismutase, GST: Glutathione S-Transferase and AP: Acid
Phosphatase) assessed after 2, 7 and 28 days of exposure.
2.2. Multiple regression analysis
Linear multiple regression models were ﬁt to relevant variables.
More precisely, regressions were determined for the following pairs of
explained and explanatory variables: bioaccessible contaminant
concentrations in soil with soil physico-chemical properties and
biomarkers against bioaccessible contaminant levels or contaminant
tissue concentrations. Angular transformations were performed on
variables expressed as proportions to avoid border artifacts (Zar,
1996). When the application conditions were not fulﬁlled (normality
or homogeneity of variance), data were normalized. For that purpose,
data were transformed by applying relevant mathematical functions
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for such type of statistical analyses (Zar, 1996). A stepwise procedure
was applied to derive the signiﬁcant models among those variable
sets. The Jump In 4.0.4 software (SAS Institute Inc., Cary, NC, USA) was
employed. Only signiﬁcant models and their constitutive variables are
presented.
2.3. Model sensitivity analysis
The aforementioned models were analyzed for their sensitivity
towards potential explanatory variables using the Crystal Ball 4.0
software (Decisioneering, Denver, CO, USA). The following setup was
applied to run the simulations: 100,000 trials, Monte-Carlo sampling
method, sensitivity analysis. The model sensitivity towards each
explanatory variable was expressed as the percent contribution to
variance. This procedure allowed to rank the variables according to
their sensitivity. Models were then simpliﬁed by eliminating minor
variables. After appraisal, retained models were the best trade-off
between the magnitude of R2 and simplicity.
2.4. Integrated biomarker response calculation
An index of biomarker response (IBR) was determined according to
the procedure described by Narbonne et al. (1999, 2001) and applied
as reported in Banni et al. (2005) and Narbonne et al. (2005). This
index was derived from the dataset constituted with the ﬁve
biomarkers (CAT, SOD, GST, NRRT and AP) assessed after 28 days of
laboratory exposure of worms to contaminated soils from the
Gagetown military training area. Biomarker data were ﬁrst checked
for possible confounding interrelations between biomarkers used for
IBR calculation and analyzed with a one-way ANOVA and Dunnett's
test (Table 1). Brieﬂy, the mean was calculated for each parameter at
each station and a 95% mean conﬁdence interval (CI) was obtained for
each biomarker. Then, a response factor (RF, the ratio between the
highest and the lowest mean) and a response range (RR, the
arithmetic difference between the highest and the lowest mean)
were determined. A discriminatory factor was calculated as DF=(RR+
CI) /CI. This factor served to generate a scale indicating the theoretical
number of signiﬁcant differences among the soils under investigation.
This DF was then rounded up to an integral number, the discrimina-
tory level (DL), through the analysis of signiﬁcant differences between
means. The DL served to establish a scale used to rank each biomarker
response according to the number of levels between the lower and the
higher mean of the individual stations. For example, each biomarker
Table 2
Summary of the physico-chemical properties, soil contamination data and Eisenia
andrei body residues data obtained during the exposure of earthworms to soils from the







Clay content (%) 7.6–16.7
Total [Bi] (mg/kg) 1.2–184.8
Bioaccessible [Bi] (mg/kg) 0.06–0.97
Tissue [Bi] (mg/kg) 8.2–22.8
Tissue [Cu] (mg/kg) 15.4–204.3
Total [Ni] (mg/kg) 2.2–397.6
Bioaccessible [Ni] (mg/kg) 0.02–0.12
Tissue [Ni] (mg/kg) 0.002–10.7
Total [Zn] (mg/kg) 26.0–1334.0
Bioaccessible [Zn] (mg/kg) 0.07–7.5
Total [HMX] (mg/kg) 0.18–472.9
Soluble (aqueous KNO3 extractable) [HMX] (mg/kg) 0.35–33.6
Data are reported as ranges (min–max). Adapted from Berthelot et al. (in press).
Note. TOC: Total Organic Carbon; Alox: amorphous aluminium oxide; Feox: amorphous
iron oxide.
Table 3
Linear multiple regressions between bioaccessible/soluble contaminant concentrations
and soil physico-chemical properties (TOC: Total Organic Carbon; Alox: amorphous
aluminium oxide; Feox: amorphous iron oxide)
Variable (y=) Model (ax+by+…+c) R2 p N
Bioaccessible [Bi]= 0.78 √ total [Bi] (±0.09)+91 Arcsin
(√ clay percentage/100) (±9.8)+62 Arcsin
(√ Feox/100) (±8.1)−73 Arcsin (√ Alox/100)
(±11)−150 Arcsin (√ TOC/100) (±17)−14 (±1.5)
0.97 0.0132 9
Bioaccessible [Ni]= exp[0.58 ln total [Ni] (±0.12)+8.0 Arcsin
(√ clay percentage/100) (±2.6)−37 Arcsin
(√ Alox /100) (±7.6)−0.42 pH (±0.12)−2.8 (±1.1)]
0.93 0.0158 9
Bioaccessible [Zn]= [0.12 √ total [Zn] (±0.04)−20 Arcsin
(√ Feox /100) (±7.2)−pH (±0.25)+7.6 (±1.4)]
2
0.83 0.0229 9
Soluble [HMX]= 3.7 ln total [HMX] (±0.97)−89 Arcsin (√ clay
percentage/100) (±50)+37 (±20)
0.84 0.0037 9
pb0.05 for all variables.
Table 1
Summary of biomarker data acquired upon exposure of Eisenia andrei to contaminated soils from the Wellington antitank ﬁring range (WAT) on the Canadian Forces Base at
Gagetown (NB, Canada)
Soil sample parameter R T2-15 T2-28 T2-48 T3-9 T3-19 T3-37 T3-54 T3-86
NRRT-28d (min) 35.8 22.5 17.0 10.5 11.9 8.3 17.4 18.7 26.0
(±3.0) (±4.4) ⁎ (±3.8) ⁎ (±1.8) ⁎ (±1.8) ⁎ (±1.7) ⁎ (±2.1) ⁎ (±2.2) ⁎ (±6.1)
SOD-2d (U) 218.7 272.1 249.0 236.5 281.4 301.9 333.7 275.7 262.6
(±32.5) (±38.5) (±16.6) (±23.8) (±14.1) (±15.2) (±6.8) ⁎ (±30.6) ⁎ (±1.9)
SOD-7d (U) 223.8 288.6 321.5 325.8 393.0 348.1 312.2 346.0 291.8
(±24.9) (±20.0) (±25.5) ⁎ (±25.1) ⁎ (±19.0) ⁎ (±18.4) ⁎ (±31.7) ⁎ (±10.4) ⁎ (±60.8) ⁎
SOD-28d (U) 376.2 478.9 543.4 459.9 509.9 543.3 508.9 449.5 500.8
(±19.5) (±53.6) ⁎ (±41.2) ⁎ (±32.8) ⁎ (±8.7) ⁎ (±32.5) ⁎ (±69.1) ⁎ (±38.0) (±56.2) ⁎
CAT-28d (μmol/min/mg protein) 164.9 193.1 198.8 163.4 185.0 175.5 137.1 173.3 162.6
(±5.7) (±18.4) (±11.6) ⁎ (±23.0) (±6.4) (±19.8) (±10.2) (±19.5) (±19.2)
GST-28d (nmol/min/mg protein) 359.5 354.5 342.9 343.0 374.6 336.0 287.3 346.5 383.5
(±25.9) (±7.1) (±21.2) (±28.2) (±24.8) (±3.6) (±15.4) ⁎ (±36.2) (±24.1)
AP-7d (μmol/min/mg protein) 1.04 1.27 1.21 1.26 1.16 1.24 1.70 1.27 1.45
(±0.08) (±0.10) (±0.09) (±0.12) (±0.04) (±0.18) ⁎ (±0.30) ⁎ (±0.10) (±0.19) ⁎
AP-28d (μmol/min/mg protein) 1.02 0.92 0.91 1.17 1.31 0.85 1.05 0.98 1.09
(±0.02) (±0.05) (±0.09) (±0.25) (±0.05) ⁎ (±0.17) (±0.10) (±0.15)
Data is expressed as mean±SE, n=4.
Note. ⁎ Signiﬁcantly different from reference soil R (Dunnett's test, pb0.05); NRRT=Neutral Red Retention Time; SOD=Superoxide dismutase; CAT=Catalase; GST=Glutathion-S-
transferase;AP=Acid Phosphatase. NRRT-28d: NRRTafter 28 days of exposure; SOD-2d: SOD activity after 2 days of exposure; SOD-7d: SOD activityafter 7 days of exposure; SOD-28d: SOD
activity after 28 days of exposure; CAT-28d: CATactivity after 28 days of exposure; GST-28d: GSTactivity after 28 days of exposure; AP-7d: AP activity after 7 days of exposure; AP-28d: AP
activity after 28 days of exposure.
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response must be ranked ‘1’ or ‘2’when there are two levels and from
‘1’ to ‘5’ if there are ﬁve CI increments between lower and higher
mean. The biomarker responses were subsequently normalized by
deriving an individual biomarker index (BI) for each biomarker value
following their rank position by means of the conversion table of
Narbonne et al. (1999). The assigned indexes are arbitrary numbers
proposed by Narbonne et al. (1999, 2001) to rank biomarkers into the
described classiﬁcation scale. Finally, an integrated biomarker
response (IBR) was determined for each station by summing up the
individual score of the ﬁve biomarkers. The macro developed with the
Excel software (Microsoft®) by O. Brack (K.S.I.C. Society, France, olivier.
brack@wanadoo.fr) was used to achieve this whole sequence of IBR
computation. This index indicates the pollution status of a site
according to the following ranges: 0–19= lightly polluted; 20–
29=moderately polluted; 30–39=highly polluted; 40–49=severely
polluted and N50=critically polluted. The discriminating capacity
between sites of the different biomarkers was also assessed by
calculating the frequency (percentage) of highest individual score for
each biomarker, reference soil excluded.
3. Results
3.1. Modulation of bioaccessibility by soil physico-chemical properties
Let us ﬁrst note that except for HMX (R2=0.76, p=0.002), no univocal signiﬁcant
correlations were established between soluble contaminant levels and total soil
concentrations. Equations elaborated to identify the soil factors inﬂuencing contami-
nant bioaccessiblity are summarized in Table 3. From these models, one can conclude
that bioaccessible Bi level was correlated positively with total soil Bi concentration, clay
content as well as the amount of amorphous iron oxide and inversely correlated with
the amount of amorphous aluminium oxide and TOC. In terms of sensitivity analysis,
these data yielded the following contribution to variance: TOC accounted for 50.9% of
the variability in bioaccessible Bi concentration output, clay content for 24.9%, Bi soil
concentration for 12.8%, Feox for 7.8% and Alox for 3.6%. Bioaccessible Ni concentration
was modulated positively by total Ni soil concentration plus clay content and inversely
correlated with pH as well as the amount of amorphous aluminium oxide. Variation in
bioaccessible Ni level was explained at 51% by Alox, 30% by soil Ni load, 10% by clay
content and 9% by pH. Bioaccessible Zn concentrationwas inﬂuenced positively by total
soil Zn content but inversely associated to pH and the amount of amorphous iron oxide.
In this context, soil Zn level contributed up to 46.4% to bioaccessible Zn concentration
variability, pH up to 32.5% and Feox to 21.1%. A model was also derived for Cd but it was
not consistent and is hence not presented. Finally, soluble HMX concentration resulted
from a positive effect of total soil HMX concentration along with a negative effect of clay
content. In this case, the clay proportion accounted for 53.3% of the variability and soil
HMX content for 46.7%. The pH and total soil concentrations systematically appeared as
main variables governing metal bioaccessibility. Secondary variables were soil texture
properties such as TOC, clay content and the amount of amorphous iron and aluminium
oxide.
3.2. Relationships between biomarker responses and bioaccessibility or tissue
concentrations
Models generated to examine the possible association between contaminant
bioaccessiblity and the investigated biological responses are presented in Table 4.
No signiﬁcant relationships were found between biomarker responses and total
toxicant concentrations in soil. The SOD activity after 2 days of exposure (SOD-2d)
was positively correlated with soluble HMX concentration as well as bioaccessible Zn
concentration. Bioaccessible Zn generated 50.6% of the variability in SOD-2d activity
while accessible HMX accounted for the remaining 49.4%. After seven days of
exposure, soluble HMX concentration contributed positively to the SOD activity
(SOD-7d) whereas the effect of bioaccessible Ni (ln log-transformed values below 1)
and Bi concentrations was negative. In this equation, variability of SOD-7d was
inﬂuenced at 41.3% by bioaccessible Ni level, 31.9% by soluble HMX concentration and
26.8% by bioaccessible Bi concentration. At 28 days of exposure, a positive correlation
between SOD activity and soluble HMX concentration was evidenced. Accessible
HMX concentration was consistently correlated to SOD activity levels through
exposure time with similar regression coefﬁcients. Models were also obtained for
other biomarkers such as CAT activity after 28 days of exposure (CAT-28d) and AP
activity after 7 days of exposure (AP-7d). Since these biomarkers were not very
sensitive (Table 1) and some models were not well-substantiated, they are not
reported.
The same linear regression analysis was also performed with body residues and
biomarkers. The only signiﬁcant model obtained is provided in Table 4. The SOD-7d
was found to be positively correlated to tissue Cu content and negatively to tissue Bi
concentration. In this model, tissue Cu concentration produced 67.8% of the variation
in SOD-7d while the other 32.2% were provided by Bi tissue concentration. As for the
importance of Bi tissue concentration, it was however higher than that of tissue Cu
due to its greater coefﬁcient in the equation. A model was also derived for the AP
activity after 28 days of exposure (AP-28d). As for the bioaccessible concentrations
models, it was omitted because of the poor sensitivity of AP and the inconsistency of
the model.
No analogy like consistent patterns or recurrent variables was evidenced across
models derived from bioaccessible concentrations or from contaminant body
concentrations. It should also be speciﬁed that tissue concentrations were neither
correlated to total soil toxicant contents nor to bioaccessible levels.
3.3. Integration of biomarker responses
The individual biomarker responses used to derive the IBR were checked for
possible interrelations and none was found. Individual biomarker scores and
integrated biomarker response index (IBR) for each site are presented in Fig. 1. The
global biomarker index distribution revealed that the reference soil sample R
together with T3-37 and T3-54 soil samples were among the lowest IBR. These
samples were followed by T2-15, T2-28, T2-48, T3-19 and T3-86 with intermediate
rates and T3-9, with the highest score, was the most severely impacted soil. The most
discriminating markers between sites were NRRT with 50.0% followed by SOD with
37.5%. GST and CATcame out at the last scoring positionwith 25.0% each and AP had a
null rate.
4. Discussion
This paper exposes a synthetic analysis of data from soils sampled
on an antitank training range, consisting in attempts to establish links
among soil properties, contaminant bioaccessibility and body bur-
dens, biomarker responses as well as the application of a method to
integrate the biomarker responses.
4.1. Bioaccessibility as a function of soil properties
As cation exchange capacity (CEC) is a measure of the amount of
available sorption sites in a soil, it encompasses all sorption
components (clay, Feox and Alox plus OM content). Due to this close
Table 4
Linear multiple regressions between biomarker responses and bioaccessible/soluble or
tissue contaminant concentrations
Variable (y=) Model (ax+by+…+c) R2 p N
SOD-2d= 1.9 soluble [HMX] (±0.41)+8.7 bioaccessible [Zn]
(±1.8)+207 (±12)
0.86 0.0028 9
SOD-7d= 2.2 soluble [HMX] (±0.69)+47 ln bioaccessible [Ni]
(±14)−71 bioaccessible [Bi] (±24)+462 (±50)
0.82 0.0266 9
SOD-28d= 2.8 soluble [HMX] (±1)+433 (±23) 0.53 0.0270 9
SOD-7d= 0.51 tissue [Cu] (±0.12)−3.0 tissue [Bi] (±0.97)+
290 (±20)
0.83 0.0045 9
Refer to Table 1 for acronym deﬁnitions. pb0.05 for all variables.
Fig. 1. Global index of biomarker response (IBR) of Gagetown soils. The IBR for each soil
corresponds to the cumulative sum of the individual biomarker indexes found in the
stacked bars.
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connection, it was decided to exclude CEC from the model derivation
process, like Janssen et al. (1997). The absence of correlation between
bioaccessible metal levels and total soil concentrations illustrates the
modifying effect of soil characteristics on contaminant bioavailability.
This phenomenon is widely acknowledged (Peijnenburg et al., 1997;
Allen, 2002; Peijnenburg and Jager, 2003). Conversely, water-
extractable HMX level correlated well with total soil concentration
and this may be inherent to the sorption behaviour of HMX in soils.
HMX like other EMs sorbs poorly to soils and its sorption pattern is
governed by the clay content (Monteil-Rivera et al., 2003; Hatzinger et
al., 2004). This is a possible explanation for the concordance between
soluble HMX and total soil concentrations, especially since the clay
content variations were low in the tank # 2 sample series or followed
the opposite trend (i.e., increasing with distance) to that of total HMX
in tank 3 samples (Berthelot et al., in press). Moreover, the model
derived for HMX aqueous mobility in Gagetown soils with clay
content as the main variable is in agreement with the previous
statements concerning the factors controlling HMX solubility (Mon-
teil-Rivera et al., 2003).
For the metals, models were issued for Bi, Ni and Zn. In the derived
equations pH emerged as a consistently negative parameter, except for
Bi. Our observations concord with the unanimous statement on metal
partitioning and behaviour in soils that pH is negatively correlated to
metal solubility (Anderson and Christensen, 1988; Janssen et al., 1997;
Rieuwerts et al., 1998; Sauvé et al., 2000). Soil pH determines the
number of available sorption sites for metals by affecting the soil
surface charge with lower pH meaning less negative binding sites. In
addition to that, low soil pHmeansmore H+ ions in solutionwhichwill
compete with Me+ ions for negative binding sites. Thus, the com-
bination of those processes will render metals more soluble at low pH
(Sauvé, 2002).
Bi is a rare element whose invertebrate toxicity and behaviour in
soils is scarcely characterized (Hou et al., 2006). Contamination of soils
by Bi arises from themove to Pb-free technologies (as Pb is a notorious
toxicant) and, more speciﬁcally, from the substitution of Pb by Bi in
shells of small arms ammunition and heavier military arsenal (Fahey
and Tsuji, 2006; Hou et al., 2006). The Bi salts involved in the
manufacture of common Bi-derived products have very low aqueous
solubility (Hammond, 2007). However, the fate of Bi in soils is nearly
unknown and it may undergo transformations which could render the
element more soluble and available for organisms. Hou et al. (2006)
actually established a regression model predicting the mobilizable Bi
fraction in clean soils comparable to the equation obtained in our
analysis. Certain variables and the direction of their inﬂuence were
identical across the two models: clay content had a positive effect
whereas organic carbon level had a negative contribution. This
analogy is consistent with the identiﬁcation of TOC and clay content
as the major variables. The occurrence of Feox and Alox in our equation
is consistent with the presence of CEC and surface area in their. The pH
did not come out in our model whereas it did in Hou et al. (2006).
Nevertheless, it should be stressed that the mobilizable fraction
deﬁned by these authors encompasses more metal pools than the
exchangeablemetal fraction assessed in ourwork. Additionally, as Bi is
chemically closely related to Pb, similar reactions in soil may be
expected. As a matter of fact, Janssen et al. (1997) who examined the
relationships between metal partition coefﬁcients and soil character-
istics determined that the Pb partition coefﬁcient, when normalized to
the soil Fe2O3 content, was almost insensitive to pH. This ﬁnding is
further substantiated by the low R2 and proton coefﬁcient they
obtained for the pH-regression. The observation of Janssen et al.
(1997) may explain the apparent unsusceptibility of Bi bioaccessibility
to pH as indicated by our model. Overall, Bi seems to be efﬁciently
bound by common adsorbing soil phases (e.g. organic matter, clay,
amorphousmetal oxides), like Pb (Farrah and Pickering,1977; Zimdahl
and Skogerboe, 1977; Tipping et al., 2003; Rieuwerts et al., 2006).
However, the positive inﬂuence of clay level here might be attributed
to the fact that clays can be an important Bi reservoir but this remains
to be elucidated.
The apparent low importance of pH in the equation obtained for Ni
is at ﬁrst sight surprising and may seem contradictory to what is
generally reported in the literature. But, this outcome is probably the
result of usual interrelations between soil parameters (Bradham et al.,
2006; Rieuwerts et al., 2006). So, the effect of pH may be indirectly
mediated through other variables like in Bradham et al. (2006) who
established connections between Pb toxicity to earthworms and soil
properties and demonstrated that the effects of certain parameters
were partly indirect and mediated by other variables. Other known
sorption phases also inﬂuenced Ni solubility in the present study.
Aside from the classical negative effect on solubility of increasing pH
and the positive one of total soil Ni, Alox content was found to reduce
Ni solubility while clay content seems to increase it. Clay as well as Al
and Fe oxyhydroxide in soils are known as signiﬁcant binding
fractions for metals like Ni (Anderson and Christensen, 1988; Alloway,
1995a,b; Yin et al., 2002). The inﬂuence of Alox is consistent with this
statement (binding of metals) but the positive contribution of clay
appears contradictory to its conventional metal-sequestering function
as noticeable in the Ni equation by Janssen et al. (1997). This outcome
may be due either to interrelation effects or the fact that the clay term
in the equation represents the sorbed metal whereas the Alox term
constitutes the active sorption agent since clay minerals are coated
with amorphous metal oxides (Yin et al., 2002). The latter hypothesis
may be supported by the relative weight of the two parameters in the
model (51% for Alox versus 10% for clay).
Zn bioaccessibility was mainly driven by pH and total Zn load. The
pH was an important parameter in the equation, accounting for 32.5%
of the variance and up to 78.9% together with total soil Zn. It is in
agreement with the behaviour of Zn in soils as reported by other
authors (Janssen et al., 1997; McBride et al., 1997; Rieuwerts et al.,
1998, 2006; Hobbelen et al., 2006). The last factor in importance
which controlled Zn availability is Feox and its negative contribution
concurs with the sorbing action of Feox in soils. No model could be
derived for other metals (e.g. Cr, Cu and Pb) or was found inconsistent
(Cd) and this may be attributed to insufﬁcient data (many values
below detection limits) and/or to their more complex partitioning
patterns. The generated models are globally in good agreement with
the literature (Janssen et al., 1997; Rieuwerts et al., 1998, 2006; Sauvé
et al., 2000). However, these introductory models may be reﬁned by
extending the database, then validating them against ﬁeld-collected
data (e.g., in mesocosms).
4.2. Relationships between biomarkers and bioaccessible or tissue
concentrations
Since bioaccessible toxicant levels can be considered as better
estimates of chemical availability than total soil loads as advocated in
the introduction, an attempt to derive equations linking bioaccessible
concentrations and biomarkers responses was made, the latter
constituting a biological measure of bioavailability. SOD exhibited
the most consistent pattern in time with the coherent contribution of
HMX. Its toxicity mechanism in invertebrates is unknown, particularly
with respect to oxidative stress and the antioxidant defence system
but some insights might be found in the biodegradation pathways. In
the known biodegradation pathways, HMX acts as an electron
acceptor and could then be considered as an oxidant (Crocker et al.,
2006). This might account for the “enhancing” effect of HMX on SOD
activity. Alternatively, the HMX inﬂuence could be mediated by a
degradation metabolite such as nitroso-HMX [NO-HMX] (Fournier
et al., 2004). The NO-HMX derivatives are indeed oxidant agents and
their formation could promote the generation of reactive oxygen
species which in turn might activate or induce SOD (Crocker et al.,
2006). Moreover, other organic compounds such as pesticides were
also reported to affect earthworm SOD activity (Luo et al., 1999).
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Metals are, for their part, recognized as oxidative stress inducers in
laboratory animal and wild species (Regoli et al., 1998; Regoli, 2000;
Frenzilli et al., 2004) even if it is equivocal in earthworms (Hønsi et al.,
1999; Dhainaut and Scaps, 2001; Łaszczyca et al., 2004). In our
assessment, the inﬂuence of metals on SOD activity was not consistent
unlike that of HMX, with different metals correlating with SOD at the
different exposure times and apparently no metal contribution at
28 days. This may be inherent to the difﬁculty to segregate the effects of
a particularmetal among amixture. Nevertheless, the positive inﬂuence
of Zn on SOD-2d activity might be explained by the fact that SOD seems
to occur mostly as Cu,Zn-SOD in Eisenia sp. (Hønsi et al., 1999).
Concerning SOD-7d activity, the contribution of Bi remains to be
elucidated. The absence of well-substantiated models for other
biomarkers, such as CAT, GST and AP may be due to the low sensitivity
of their response as observed in this study. Surprisingly, no relationship
was found between the sensitive NRRT and bioaccessible contaminant
concentrations. This situation may result from the fact that NRRT is a
generic marker which is known to react to a wide range of chemicals
(Svendsen et al., 2004). The contribution of multiple contaminants and
the interplay of complex patterns (like contaminant interactions) may
have prevented the derivation of a straightforward model.
Internal contaminant concentrations are also regarded as a
biological measure of bioavailability as they may represent the bio-
active fraction of the contaminant and they may be used within the
critical body residue concept (Lanno et al., 2004). In the present
analysis, only one equation could be derived for contaminant tissue
concentrations. This paucity of relationships may arise from the
established capacity of earthworm to store metals in a non-toxic form
such as mineral granules (Morgan and Morgan, 1998; Morgan et al.,
1999). The positive inﬂuence of internal Cu on SOD activity may also
be attributed to the prevalence of Cu,Zn-SOD.
4.3. Integrated biomarker response
A multi-marker approach which consists in the application of a
battery of biomarkers is now often recommended (Cajaraville et al.,
2000; Kammenga et al., 2000; Scott-Fordsmand and Weeks, 2000;
Dailianis et al., 2003; Handy et al., 2003) and has been used
extensively in the aquatic environment (Astley et al., 1999; Blaise
et al., 2002; Galloway et al., 2004) but only sparingly for terrestrial
habitats (Spurgeon et al., 2005). The difﬁculty associated with multi-
marker studies resides in the huge amount of generated data which
hinders global interpretation. As a result, variousmore or less complex
techniques have been developed to integrate the biomarker responses
into an index (Narbonne et al., 1999; Beliaeff and Burgeot, 2002;
Chèvre et al., 2003; Dagnino et al., 2007). As a ﬁrst attempt to derive
such an index from a terrestrial survey, the method of Narbonne et al.
(1999) was adopted due to its relative simplicity and its suitability to
the dataset. This approach has been successfully applied in different
contexts (Banni et al., 2005; Narbonne et al., 2005).
To our knowledge, this is the ﬁrst attempt to use this kind of
approach in a terrestrial context. Some of the biomarkers (NRRT, AP,
SOD) included in our computation of the IBR differed from those
considered in Narbonne et al. (1999) and subsequent work whereas
the others, related to oxidative stress, were identical (i.e., CAT and
GST). The biomarkers monitored both by Narbonne et al. (1999) and in
related studies (Banni et al., 2005; Narbonne et al., 2005) were GST
and acetylcholinesterase activity in gills and CAT, GST and benzo(a)
pyrene hydroxylase activity as well as lipid peroxidation level
(through malonedialdehyde —MDA— formation) in the digestive
gland of sentinel bivalve species. Narbonne et al. (1999) also included
the CAT/MDA ratio whereas Banni et al. (2005) added the lipofuscin
surface density as a biomarker.
The global index distribution reveals that T3-9 was the most
impacted site whereas the reference R and T3-54 were least affected
and the other stations had intermediate scores. This pattern is
generally in agreement with the chemical contamination data
reported earlier (Berthelot et al., in press). The calculated IBR appears
therefore as a good indicator of soil quality status. Like in Astley et al.
(1999) and Galloway et al. (2004), a discriminating potential between
the sites was determined for the biomarkers. The most discriminating
markers were NRRT and SOD whereas the least was AP and this is
consistent with the response patterns and the relative sensitivity of
biomarkers recorded byBerthelot et al. (inpress) following exposure of
earthworms to Gagetown soils. They indeed found that NRRT and SOD
were the most sensitive markers. The discriminating capacity ranking
of the biomarkers is also in agreement with the predominant
contributions of NRRT and SOD to the IBR scores (Fig. 1). It has been
demonstrated that NRRT is a workable earthworm biomarker, which
responds to the presence ofmost contaminants, both in laboratory and
ﬁeld conditions (Svendsen et al., 2004; Sanchez-Hernandez, 2006) and
is predictive of effects at higher levels of biological organization (Scott-
Fordsmand and Weeks, 2000). Moreover, this biomarker has already
been applied to soils from an RTA analogous to the area considered in
this study (Robidoux et al., 2004a,b). Along with that, it should also be
pointed out that the IBR distribution is comparable to that of NRRT,
notably in T3 soils. The latter observation can be attributed to the
sensitivity of NRRTwhich is endowedwith a predominant share in the
IBR as indicated previously. The correspondence of NRRT and IBR
patterns corroborates the value of NRRT as biomarker. As for SOD, the
response pattern recorded by Berthelot et al. (in press) is something
new in earthworms (Hønsi et al., 1999; Łaszczyca et al., 2004), but the
ranking of this biomarker is in agreementwith our previously reported
results. The last position of AP in the discriminating performance
ranking may be explained either by the lack of sensitivity of this
marker or by the protocol used in this case, which assesses whole
cytosolic AP as opposed to lysosomial AP (Hønsi and Stenersen, 2000).
In view of the obtained results, global biomarker indexes and similar
approaches appear as promising tools to assess soil health status and
for the management of soil contamination and remediation.
5. Conclusion
Relationships were established between contaminant bioaccessi-
bility and soil properties elucidating the behaviour of HMX andmetals
in EM-contaminated soils. This revisiting of the data collected within
the frame of the bioavailability and toxicity assessment of soils from a
military RTA provided a new insight into soil quality assessment
through an integrated approach. This scrutiny based on models
resulted in a better understanding of processes underlying bioavail-
ability in soils from military areas and in the development of a
synthetic and intuitive tool indicating soil quality.
The role of somemajor factors like pH and amorphousmetal oxides
towards metals or clays towards HMX was substantiated for the
studied soils. Other models were derived expressing biomarker
responses as a function of either contaminant bioaccessibilities or
tissue concentrations. The main ﬁnding was that bioaccessible HMX
concentrationwas consistently related to SODat the different exposure
times. HMXmight then be involved in oxidative stress in earthworms.
This kind of models has the potential to serve as predictors of toxicant
bioaccessibility in military soils or bioavailability in targeted species,
particularly if expanded to other military sites.
An index of biomarker response incorporating all ﬁve biomarkers
was also determined by applying a procedure used for aquatic
organisms. This is the ﬁrst attempt to derive such an index for con-
taminated soils. The index results were consistent with the contam-
ination levels of the soil samples and with previous biomarker data,
since the two most responsive biomarkers — SOD and NRRT — were
also the most discriminating among soils. These results stress the
relevancy of SOD and NRRT as biomarkers signalling exposure to EM-
contaminated soils and of the biomarker index as a soil quality
indicator. The tools developedhere concerning the bioavailability issue
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have promising perspectives for soil quality assessment and manage-
ment of contaminated sites, particularly on RTA. Since the application
of these tools constitutes a ﬁrst step, it holds validity only for the
investigatedmilitary base. It should also be stressed that the associated
tools applied in the present study to assess bioavailability (such as the
biomarker index) should be used in conjunction with a suite of
judiciously chosen tools. The elaboration of such tools should therefore
be promoted and further work has still to be done to test, reﬁne and
validate these.
Acknowledgements
We thank Olivier Champeau from Landcare Research (New Zealand)
for his help with the derivation of biomarker indexes and Christelle
Clérandeau from the “Laboratoire de Physico-Toxicochimie des Sys-
tèmes Naturels” (Bordeaux, France) for the valuable guidance concern-
ing the indexes aswell as Drs. Sonia Thiboutot and Guy Ampleman from
Defence Research and Development Canada - Valcartier (Canadian
Ministry of National Defence) for their support of the project.
References
Alexander M. Aging, bioavailability, and overestimation of risk from environmental
pollutants. Environ Sci Technol 2000;34:4259–65.
Allen HE. Terrestrial ecosystems: an overview. In: Allen HE, editor. Bioavailability of
Metals in Terrestrials Ecosystems: Importance of Partitioning for Bioavailability to
Invertebrates, Microbes, and Plants. Pensacola, FL, USA: SETAC; 2002. p. 1–7.
Alloway BJ. Soil processes and the behaviour of metals. In: Alloway BJ, editor. Heavy
Metals in Soils. Second edition. London, UK: Blackie Academic; 1995a. p. 11–37.
Alloway BJ. Cadmium. In: Alloway BJ, editor. Heavy Metals in Soils. Second edition.
London, UK: Blackie Academic; 1995b. p. 122–51.
Anderson PR, Christensen TH. Distribution coefﬁcients of Cd, Co, Ni and Zn in soils. J Soil
Sci 1988;39:15–22.
Astley KN, Meigh HC, Glegg GA, Braven J, Depledge MH. Multi-variate analysis of
biomarker responses in Mytilus edulis and Carcinus maenas from the Tees estuary
(UK). Mar Pollut Bull 1999;39:145–54.
Banni M, Jebali J, Daubèze M, Clérandeau C, Guerbej H, Narbonne J-F, Boussetta H.
Monitoring pollution in Tunisian coasts: application of a classiﬁcation scale based
on biochemical markers. Biomarkers 2005;10:105–16.
Belfroid A, Seinen W, van Gestel K, Hermens J, van Leeuwen K. Modelling the
accumulation of hydrophobic organic chemicals in earthworms: application of the
equilibrium partitioning theory. Environ Sci Pollut Res 1995a;2:5–15.
Belfroid A, Seinen W, van den Berg M, Hermens J, van Gestel K. Uptake, bioavailability
and elimination of hydrophobic compounds in earthworms (Eisenia andrei) in ﬁeld-
contaminated soil. Environ Toxicol Chem 1995b;14:605–12.
Belfroid AC, Sijm DTHM, van Gestel CAM. Bioavailability and toxicokinetics of
hydrophobic aromatic compounds in benthic and terrestrial invertebrates. Environ
Rev 1996;4:276–99.
Beliaeff B, Burgeot T. Integrated biomarker response: a useful tool for ecological risk
assessment. Environ Toxicol Chem 2002;21:1316–22.
Berthelot Y, Valton E, Auroy A, Trottier B, Robidoux PY. Integration of toxicological and
chemical tools to assess the bioavailability of metals and energetic compounds in
contaminated soils. Chemosphere in press. doi:10.1016/j.chemosphere.2008.07.056.
Blaise C, Gagné F, Pellerin J, Hansen PD, Trottier S. Molluscan shellﬁsh biomarker study
of the Quebec, Canada, Saguenay fjord with the soft-shell clam, Mya arenaria.
Environ Toxicol 2002;17:170–86.
Bradham KD, Dayton EA, Basta NT, Schroder J, Payton M, Lanno RP. Effect of soil
properties on lead bioavailability and toxicity to earthworms. Environ Toxicol Chem
2006;25:769–75.
Cajaraville MP, Bebianno MJ, Blasco J, Porte C, Sarasquete C, Viarengo A. The use of
biomarkers to assess the impact of pollution in coastal environments of the Iberian
peninsula: a practical approach. Sci Total Environ 2000;247:295–311.
Chèvre N, Gagné F, Blaise C. Development of a biomarker-based index for assessing the
ecotoxic potential of aquatic sites. Biomarkers 2003;8:287–98.
Conder JM, Lanno RP. Evaluation of surrogate measures of cadmium, lead, and zinc
bioavailability to Eisenia fetida. Chemosphere 2000;41:1659–68.
Conder JM, Lanno RP, Basta NT. Assessment of metal availability in smelter soil using
earthworms and chemical extractions. J Environ Qual 2001;30:1231–7.
Crocker FH, Indest KJ, Fredrickson HL. Biodegradation of the cyclic nitramine explosives
RDX, HMX, and CL-20. Appl Microbiol Biotechnol 2006;73:274–90.
Dagnino A, Allen JI, Moore MN, Kroeg K, Canesi L, Viarengo A. Development of an expert
system for the integration of biomarker responses in mussels into an animal health
index. Biomarkers 2007;12:155–72.
Dailianis S, Domouhtsidou GP, Raftopoulou E, Kaloyianni M, Dimitriadis VK. Evaluation
of neutral red retention assay, micronucleus test, acetylcholinesterase activity and a
signal transduction molecule (cAMP) in tissues of Mytilus galloprovincialis (L.), in
pollution monitoring. Mar Environ Res 2003;56:443–70.
Dhainaut A, Scaps P. Immune defense and biological responses induced by toxics in
Annelida. Can J Zool 2001;79:233–53.
Ehlers LJ, Luthy RG. Contaminant bioavailability in soil and sediment. Environ Sci
Technol 2003;37:295A–302A.
Fahey NSC, Tsuji LJS. Is there a need to re-examine the approval of bismuth shotshell as a
non-toxic alternative to lead based on the precautionary principle? J EnvironMonit
2006;8:1190–4.
Farrah H, Pickering B. The sorption of lead and cadmium species by clay minerals. Aust J
Chem 1977;30:1417–22.
Fournier D, Halasz A, Thiboutot S, Ampleman G, Manno D, Hawari J. Biodegradation of
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) by Phanerochaete chrysos-
porium: new insight into the degradation pathway. Environ Sci Technol 2004;38:
4130–3.
FrenzilliG, Bocchetti R, PagliarecciM,NigroM,AnnarummaF, Scarcelli V, FattoriniD, Regoli
F. Time-course evaluation of ROS-mediated toxicity inmussels,Mytilus galloprovincia-
lis, during a ﬁeld translocation experiment. Mar Environ Res 2004;58:609–13.
Galloway TS, Brown RJ, Browne MA, Dissanayake A, Lowe D, Jones MB, Depledge MH. A
multibiomarker approach to environmental assessment. Environ Sci Technol
2004;38:1723–31.
Gupta SK, Aten C. Comparison and evaluation of extractionmedia and their suitability in
a simple model to predict the biological relevance of heavy metal concentrations in
contaminated soils. Int J Environ Anal Chem 1993;51:25–46.
Gupta SK, Vollmer MK, Krebs R. The importance of mobile, mobilisable and pseudo total
heavy metal fractions in soil for three-level risk assessment and risk management.
Sci Total Environ 1996;178:11–20.
Hammond CR. The elements. In: Lide DR, editor. Handbook of Chemistry and Physics.
87th edition. Boca Raton, FL, USA: CRC Press; 2007. p. 4.1–4.42.
Handy RD, Galloway TS, Depledge MH. A proposal for the use of biomarkers for the
assessment of chronic pollution and in regulatory toxicology. Ecotoxicology 2003;12:
331–43.
Hatzinger PB, Fuller ME, Rungmakol D, Schuster RL, Steffan RJ. Enhancing the
attenuation of explosives in surface soils at military facilities: sorption–desorption
isotherms. Environ Toxicol Chem 2004;23:306–12.
Hobbelen PHF, Koolhaas JE, van Gestel CAM. Bioaccumulation of heavy metals in the
earthworms Lumbricus rubellus and Aporrectodea caliginosa in relation to total and
available metal concentrations in ﬁeld soils. Environ Pollut 2006;144:639–46.
Hønsi TG, Stenersen J. Activity and localisation of the lysosomal marker enzymes acid
phosphatase, N-acetyl-β-D-glucosaminidase, and β-galactosidase in the earth-
worms Eisenia fetida and E. veneta. Comp Biochem Physiol 2000;125B:429–37.
Hønsi TG, Hoel L, Stenersen JV. Non-inducibility of antioxidant enzymes in the
earthworms Eisenia veneta and E. fetida after exposure to heavy metals and
paraquat. Pedobiologia 1999;43:652–7.
Hou H, Takamatsu T, Koshikawa K, Hosomi M. Concentrations of Ag, In, Sn, Sb and Bi, and
their chemical fractionation in typical soils in Japan. Eur J Soil Sci 2006;57: 214–27.
Houba VJG, Lexmond ThM, Novozamsky I, van der Lee JJ. State of the art and future
developments in soil analysis for bioavailability assessment. Sci Total Environ
1996;178:21–8.
Jager T, Fleuren RHLJ, Hogendoorn EA, De Korte G. Elucidating the routes of exposure for
organic chemicals in the earthworm, Eisenia andrei (Oligochaeta). Environ Sci
Technol 2003;37:3399–404.
Janssen RPT, Posthuma L, Baerselman R, Den Hollander HA, Van Veen RPM, Peijnenburg
WJGM. Equilibrium partitioning of heavymetals in Dutch ﬁeld soils. I. Relationships
between metal partition coefﬁcients and soil characteristics. Environ Toxicol Chem
1997;16:2470–8.
Kammenga JE, Dallinger R, DonkerMH, Köhler HR, Simonsen V, Triebskorn R,Weeks JM.
Biomarkers in terrestrial invertebrates for ecotoxicological soil risk assessment. Rev
Environ Contam Toxicol 2000;164:93–147.
Kuperman RG, Checkai RT, Simini M, Phillips CT, Kolakowski JE, Curnas CW, Sunahara GI.
Survival and reproduction of Enchytraeus crypticus (Oligochaeta, Enchytraeidae) in
a natural sandy loam soil amended with the nitro-heterocyclic explosives RDX and
HMX. Pedobiologia 2003;47:651–6.
Lanno R,Wells J, Conder J, BradhamK, Basta N. The bioavailability of chemicals in soil for
earthworms. Ecotoxicol Environ Saf 2004;57:39–47.
Łaszczyca P, Augustyniak M, Babczynska A, Bednarska K, Kafel A, Migula PL, Wilczek G,
Witas I. Proﬁles of enzymatic activity in earthworms from zinc, lead and cadmium
polluted areas near Olkusz (Poland). Environ Int 2004;30:901–10.
Luo Y, Zang Y, Zhong Y, Kong Z. Toxicological study of two novel pesticides on Eisenia
foetida. Chemosphere 1999;39:2347–56.
McBride M, Sauvé S, Hendershot W. Solubility control of Cu, Zn, Cd and Pb in
contaminated soils. Eur J Soil Sci 1997;48:337–46.
Menzies NW, Donn MJ, Kopittke PM. Evaluation of extractants for estimation of the
phytoavailable trace metals in soils. Environ Pollut 2007;145:121–30.
Monteil-Rivera F, Groom C, Hawari J. Sorption and degradation of octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine in soil. Environ Sci Technol 2003;37:3878–84.
Morgan JE, Morgan AJ. The distribution and intracellular compartmentation of metals in
the endogeic earthworm Aporrectodea calignosa sampled from an unpolluted and a
metal-contaminated site. Environ Pollut 1998;99:167–75.
Morgan AJ, Sturzenbaum SR, Winters C, Kille P. Cellular and molecular aspects of
metal sequestration and toxicity in earthworms. Invertebr Reprod Dev
1999;36:17–24.
Narbonne J-F, Daubèze M, Clérendeau C, Garrigues P. Scale of classiﬁcation based on
biochemical markers in mussels: application to pollution monitoring in European
coasts. Biomarkers 1999;4:415–24.
Narbonne J-F, Daubeze M, Baumard P, Budzinski H, Clérandeau C, Akcha F, Mora P,
Garrigues P. Biochemical markers in mussel, Mytilus sp., and pollution monitoring
in European coasts: data analysis. In: Garrigues P, Barth H,Walker CH, Narbonne J-F,
editors. Biomarkers in Marine Organisms: A Practical Approach. Amsterdam, The
Netherlands: Elsevier Science; 2001. p. 216–36.
89Y. Berthelot et al. / Environment International 35 (2009) 83–90
Narbonne J-F, Aarab N, Clérandeau C, Daubèze M, Narbonne J, Champeau O, Garrigues P.
Scale of classiﬁcation based on biochemical markers in mussels: application to
pollution monitoring in Mediterranean coasts and temporal trends. Biomarkers
2005;10:58–71.
National Research Council (NRC). Bioavailability of Contaminants in Soils and
Sediments: Processes, Tools and Applications. Washington, D.C., USA: National
Academies Press; 2003.
Peijnenburg WJGM, Jager T. Monitoring approaches to assess bioaccessibility and
bioavailability of metals: matrix issues. Ecotoxicol Environ Saf 2003;56:63–77.
Peijnenburg WJGM, Posthuma L, Eijsackers HJP, Allen HE. A conceptual framework for
implementation of bioavailability of metals for environmental management
purposes. Ecotoxicol Environ Saf 1997;37:163–72.
Regoli F. Total oxyradical scavenging capacity (TOSC) in polluted and translocated
mussels: a predictive biomarker of oxidative stress. Aquat Toxicol 2000;50:351–61.
Regoli F, Nigro M, Orlando E. Lysosomal and antioxydant responses to metals in the
Antarctic scallop Adamussium colbecki. Aquat Toxicol 1998;40:375–92.
Rieuwerts JS, Thornton I, Farago ME, Ashmore MR. Quantifying the inﬂuence of soil
properties on the solubility of metals by predictive modelling of secondary data.
Chem Speciat Bioavailab 1998;10:83–94.
Rieuwerts JS, Ashmore MR, Farago ME, Thornton I. The inﬂuence of soil characteristics
on the extractability of Cd, Pb and Zn in upland and moorland soils. Sci Total
Environ 2006;366:864–75.
Robidoux PY, Hawari J, Thiboutot S, Sunahara GI. Chronic toxicity of octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) in soil using the earthworm (Eisenia andrei)
reproduction test. Environ Pollut 2001;111:283–92.
Robidoux PY, Hawari J, Bardai G, Paquet L, Ampleman G, Thiboutot S, Sunahara GI. TNT,
RDX and HMX decrease earthworm (Eisenia andrei) life-cycle responses in a spiked
natural forest soil. Arch Environ Contam Toxicol 2002;43:379–88.
Robidoux PY, Gong P, Sarrazin M, Bardai G, Paquet L, Hawari J, Dubois C, Sunahara GI.
Toxicity assessment of contaminated soils from an antitank ﬁring range. Ecotoxicol
Environ Saf 2004a;58:300–13.
Robidoux PY, Dubois C, Hawari J, Sunahara GI. Assessment of soil toxicity from an
antitank ﬁring range using Lumbricus terrestris and Eisenia andrei in mesocosms
and laboratory studies. Ecotoxicology 2004b;13:603–14.
Sanchez-Hernandez JC. Earthworm biomarkers in ecological risk assessment. Rev
Environ Contam Toxicol 2006;188:85–126.
Sauvé S. Speciation of metals in soils. In: Allen HE, editor. Bioavailability of Metals in
Terrestrials Ecosystems: Importance of Partitioning for Bioavailability to Inverte-
brates, Microbes, and Plants. Pensacola, FL, USA: SETAC; 2002. p. 7–37.
Sauvé S, Hendershot WA, Allen HE. Solid-solution partitioning of metals in
contaminated soils: dependence on pH, total metal burden and organic matter.
Environ Sci Technol 2000;34:1125–31.
Saxe JK, Impellitteri CA, Peijnenburg WJGM, Allen HE. A novel model describing heavy
metal concentrations in the earthworm, Eisenia andrei. Environ Sci Technol
2001;35:4522–9.
Scott-Fordsmand JJ, Weeks JM. Biomarkers in earthworms. Rev Environ Contam Toxicol
2000;165:117–59.
Scott-Fordsmand JJ, Stevens D, McLaughlin M. Do earthworms mobilize ﬁxed zinc from
ingested soil? Environ Sci Technol 2004;38:3036–9.
Semple KT, Doick KJ, Jones KC, Burauel P, Craven A, Harms H. Deﬁning bioavailability and
bioaccessibility of contaminated soil and sediment is complicated. Environ Sci
Technol 2004;38:228A–31A.
Simini M, Checkai RT, Kuperman RG, Phillips CT, Kolakowski JE, Kurnas CW, Sunahara GI.
Reproduction and survival of Eisenia fetida in a sandy loam soil amended with the
nitro-heterocyclic explosives RDX and HMX. Pedobiologia 2003;47:657–62.
Spurgeon DJ, Hopkin SP. Extrapolation of the laboratory based OECD earthworm toxicity
test to metal-contaminated ﬁeld sites. Ecotoxicology 1995;4:190–205.
Spurgeon DJ, Ricketts H, Svendsen C, Morgan AJ, Kille P. Hierarchical responses of soil
invertebrates (earthworms) to toxic metal stress. Environ Sci Technol 2005;39:
5327–34.
Svendsen C, Spurgeon DJ, Hankard PK, Weeks JM. A review of lysosomal membrane
stability measured by neutral red retention: is it aworkable earthworm biomarker?
Ecotoxicol Environ Saf 2004;57:20–9.
Talmage SS, Opresko DM, Maxwell CJ, Welsh CJE, Cretella FM, Reno PH, Daniel FB.
Nitroaromatic munition compounds: environmental effects and screening values.
Rev Environ Contam Toxicol 1999;161:1–156.
Tipping E, Rieuwerts J, Pan G, Ashmore MR, Lofts S, Hill MTR. The solid-solution
partitioning of heavy metals (Cu, Zn, Cd, Pb) in upland soils of England and Wales.
Environ Pollut 2003;125:213–25.
Vijver MG, Vink JPM, Miermans CJH, Van Gestel CAM. Oral sealing using glue: a new
method to distinguish between intestinal anddermal uptake ofmetals in earthworms.
Soil Biol Biochem 2003;35:125–32.
Yin Y, Impellitteri CA, You S-J, Allen HE. The importance of organic matter distribution
and extract soil/solution ratio on the desorption of heavymetals from soils. Sci Total
Environ 2002;287:107–19.
Zar JH. Biostatistical analysis. Third edition. Upper Saddle River, NJ: Prentice Hall; 1996.
Zimdahl RL, Skogerboe RK. Behaviour of lead in soil. Environ Sci Technol 1977;11:
1202–7.
90 Y. Berthelot et al. / Environment International 35 (2009) 83–90
